Introduction
Shrimp white spot disease (WSD) is one of the most serious diseases to affect the shrimp farming industry all around the world and causes great economic losses every year [1, 2] . It is caused by white spot syndrome virus (WSSV), which has an ~300 kb double-stranded circular DNA genome [3, 4] . Since its first appearance in 1992 [5] , WSSV has spread to worldwide shrimp farms [6] . It causes up to 100% shrimp mortality within 3-10 days, but to date there is still no effective therapeutic method for it [7] . Except for shrimp, other arthropods such as Portunidae and Astacidae are also hosts for WSSV [8, 9] . Therefore, the monitoring and early diagnostic of WSSV are of great importance.
Several WSSV diagnostic methods such as histologic examination, electron microscopy, and serological and gene detection have been developed by researchers, among which the serological and gene detection methods are the most commonly used [6, 10] . The serological method is based on the specific binding of antigen and antibody, where various monoclonal antibodies against the WSSV envelope gene are utilized as a specific detection antibody. By contrast, gene detection methods based on DNA amplification exhibit high detection sensitivity, including PCR, loop-mediated isothermal amplification (LAMP), and other methods [11] [12] [13] [14] [15] . Besides the high detection efficiency, the gene detection methods have particular advantage to differentiate WSSV geographical isolates [16] . Therefore, the gene detection methods are widely employed by researchers in WSSV detection field.
However, the performance of DNA amplification is largely dependent on the conditions of the extracted template DNA [17] . When only trace amounts of target DNA are present in large amounts of background DNA, the probability of obtaining false-positive or false-negative results by DNA amplification may increase owing to nonspecific amplification or lower sensitivity, and therefore pre-amplification is frequently performed to enrich the target DNA before the final detection [18] . At the early stage of WSSV infection, only a few virus particles exist in numerous tissue cells; as a result, the concentration of WSSV DNA is extremely low in the extracted sample DNA, and hence challenges the accuracy of detection.
Here, we used a pre-amp PCR method to detect trace amounts of WSSV DNA from massive backgrounds with high sensitivity. It is based on ligation-mediated PCR (LM-PCR) employing type IIS restriction endonuclease (REase). The type IIS REase interacts with two discrete sites on double-stranded DNA, and the cleavage site is usually 1-20 bp away from the recognition site, and thus the created sticky ends are composed of random DNA bases [19] . The target DNA is greatly enriched by the pre-amp PCR and then the pre-amplified product is served as the template for the specific PCR to complete the final detection. By combining the two steps, trace amounts of WSSV DNA can be detected from large amounts of shrimp tissue DNA with extremely high sensitivity. The principle of the pre-amp PCR is illustrated in Fig. 1 .
Materials and Methods

WSSV Genome Extraction and Viral Gene Cloning
Genomic DNA of WSSV was kindly provided by the OIE (World Organisation for Animal Health) Reference Laboratory for WSD and Infectious Hypodermal and Hematopoietic Necrosis, Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences. Three PCR amplicons containing the vp28, vp39, and vp108 genes of a WSSV China isolate (GenBank Accession No. AF332093) were amplified, and the length was 940, 970, and 988 bp, respectively (Table S1 ). The total 50 µl PCR mixture contained 2 µl of the extracted template DNA, 1×DreamTaq DNA polymerase buffer, 0.2 mM of each dNTP (Sigma Aldrich, China), 0.8 µM of each primer, and 1 U DreamTaq DNA polymerase (Thermo Scientific, USA). The PCRs were performed on a S1000 thermal cycler (Bio-Rad, USA) as follows: 94°C for 3 min, 30 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C for 90 sec, with a final extension at 72°C for 5 min. The products were loaded on 1.4% agarose gel and the target genes were extracted by using the E.Z.N.A. Gel Extraction Kit (Omega, USA). The concentration of each extracted gene was determined by spectometry UV at 260 nm (NanoDrop 2000; Thermo Scientific, USA). All of the oligonucleotides used in this study were synthesized and purified by Genewiz (China).
Each of the purified target gene was inserted into pGM-T vector by using a pGM-T Cloning Kit (Tiangen, China) and the recombinant plasmid was transferred into Escherichia coli TOP10 cells, respectively. Then the blue-white screen assay was carried out to select the recombinant E. coli, and the target plasmid was extracted from the recombinant E. coli culture by using a TIANprep Mini Plasmid Kit (Tiangen). The purity and concentration of each plasmid were determined with the NanoDrop 2000.
Preparation of Samples Containing Background DNA
Tissue DNA of healthy shrimp (WSSV negative) was extracted by using a TIANamp Marine Animals DNA Kit and mixed with target plasmid, respectively. The concentration of the background DNA in each mixed sample was 0.5 µg/µl, while the copy number of plasmid varied from each other (ranged from 10 5 to 1 copy/µl). The copy number of plasmid is calculated as (M × 6.02 × 10 The detection process is divided into four steps. (i) Digestion: Sample DNA is digested by type IIS REase and produces numerous restriction fragments with various random sticky ends. (ii) Adapter ligation: Adapters are ligated to the target restriction fragment by a linker that is designed to hybridize with the sticky ends of the target restriction fragment. The longer strand in the adapter is ligated to the 5' end of the target fragment and forms a primer binding site after end filling, and the shorter strand in the adapter is not ligated to the target fragment because of the lack of a phosphate group at the 5' end. (iii) Pre-amp PCR: The ligated product is served as the template for pre-amp PCR by using a universal primer. (iv) Specific PCR: The target is greatly enriched and detected by specific PCR.
by BbvI REase (a kind of type IIS REase, recognition sequence GCAGC(8/12) ↓ ) was carried out by using the online software NEBcutter V2.0, and one restriction fragment from each gene was selected as pre-amp PCR target (798, 450, and 647 bp, respectively). Then, double-stranded adapters were designed according to the unique sticky end sequence of each target restriction fragment (Table 1) .
Each adapter was composed of two partly complementary oligonucleotides. The longer strand was also used as the universal primer in the following pre-amp PCR step, while the shorter strand could partly hybridize with the longer one and leave a 4-nt-long 5'-overhang (linker). The linker sequence in the adapter was exactly complementary to the sticky end of the target restriction fragment. The longer and shorter strands were equally mixed together in 50 mM Tris-HCl (pH 7.4) to a final concentration of 5 µM, and then the mixture was heated to 90°C and kept for 3 min followed by slowly cooling to room temperature.
Sample Digestion and Adapter Ligation
Digestion of mixed sample DNA by using FastDigest BbvI (Thermo Scientific) was performed in a 8 µl volume containing 0.8 µl of 10× FastDigest buffer, 1 µl of sample DNA, 1 µl of enzyme, and 5.2 µl of ddH 2 O. The mixture was incubated at 37°C for 5 min followed by incubation at 65°C for 10 min. For singleplex pre-amp PCR (one target gene was amplified for each assay), 0.5 µl of 5 µM adapters, 0.5 µl of 10 mM ATP (New England Biolabs, USA), and 1 µl of T4 DNA ligase (NEB) were directly added to the digestion product and kept at 22°C for 2 h followed by incubation at 65°C for 10 min. For multiplex pre-amp PCR (multiple targets were amplified simultaneously in one reaction), the adapter mixture (containing adapters for all targets) was used (final concentration was 250 nM for each adapter), and other ligation conditions were the same as those for the singleplex reaction. The ligation product was served as the template for pre-amp PCR.
Pre-amp PCR
The 50 µl PCR mixture contained 1× pfu DNA polymerase buffer , 0.1 mg/ml BSA, 0.1% Triton X-100, 2 mM MgSO 4 ), 0.2 mM of each dNTP, 1 µM of universal primer (5'-AGCACTCTCCAGCCTCTCACTGCT-3'), 1 U pfu DNA polymerase (Thermo Scientific), and 10 µl of the ligation product. The PCR was performed as follows: 72°C for 5 min for end filling, initial denaturation at 94°C for 3 min, followed by 30 cycles of amplification (94°C for 30 sec, 63°C for 30 sec, and 72°C for 60 sec), with a final extension at 72°C for 5 min. The parameters were completely the same for both singleplex and multiplex pre-amp PCRs.
Specific Detection of WSSV from Pre-Amp PCR Product
Three pairs of specific PCR primers were designed to detect the target genes from the pre-amp PCR products ( Table 2 ). The specific PCR was performed in a 20 µl volume by using 1 µl of pre-amp PCR product as template, and the mixture also contained 1× pfu DNA polymerase buffer, 0.2 mM of each dNTP, 0.8 µM of each primer and 0.5 U pfu DNA polymerase. The concentration of each primer was reduced to 0.5 µM when multiplex-specific PCR was performed. The PCR program was set as follows: 94°C for 3 min, 30 cycles of amplification (94°C for 30 sec, 60°C for 30 sec, and 72°C for 30 sec), with a final extension at 72°C for 5 min. All of the PCR primers used in this study were designed by Primer Premier 6 (Biosoft, USA). In addition, routine PCRs using pure plasmids and mixed samples (containing background DNA) as template were also performed with the same conditions.
Detection of WSSV by Nested-PCR
The first-round PCR was performed in a 50 µl volume containing 1× Pfu DNA polymerase buffer, 0.2 mM of each dNTP, 0.8 µM of each outer primer (Table S2 ), 1 U Pfu DNA polymerase, and 1 µl of sample DNA. The program was set as follows: 94°C for 3 min, 30 cycles of amplification (94°C for 30 sec, 60°C for 30 sec, and 72°C for 60 sec), with a final extension at 72°C for 5 min. The concentration of each primer was reduced to 0.5 µM for multiplex nested-PCR. The second-round PCR was performed with the same primers and conditions as used in the specific detection of pre-amp PCR products. O. The qPCRs were performed on a Piko Real real-time PCR system (Thermo Scientific) as follows: 50°C for 2 min to activate uracil DNA glycosylase, initial denaturation at 95°C for 2 min, followed by 40 cycles of amplification (95°C for 15 sec, 60°C for 30 sec, and 72°C for 30 sec), with a final extension at 72°C for 5 min. The pre-amp PCR products and first round of nested-PCR products were used as templates, respectively. The quantity of each target gene in the template was determined according to each standard curve, respectively.
Results
Large Amounts of Background DNA Lowered PCR Sensitivity
The negative effects of massive background DNA on PCR sensitivity was validated by comparative results of two groups of PCR. One group was performed by using pure plasmid as the template, and another group using the mixed sample (containing 0.5 µg/µl of background DNA).
As shown in Fig. 2 , similar detection sensitivities of vp28 (422 bp), vp39 (277 bp), and vp108 (234 bp) were obtained when pure templates were used, and the limit of detection (LOD) was ~100 copies (Figs. 2A-2C ). When mixed samples were used, the LOD for vp28, vp39, and vp108 was 5 × 10 3 , 10 3 , and 10 3 copies, respectively (Figs. 2D-2F ).
Highly Sensitive Detection of WSSV by Pre-Amp PCR
By using pre-amp PCR, the vp28, vp39, and vp108 genes were detected from massive backgrounds with high sensitivity (~10 copies; Fig. 3) . Compared with the results of routine PCR, which used mixed samples as template (Figs. 2D-2F ), the final detection sensitivity was improved by ~100-fold by pre-amp PCR, and was ~10-fold higher than that of PCR using pure template. Nonspecific products were not detected by electrophoresis except for some primer dimers.
Nested-PCR was also performed to evaluate the efficiency of the pre-amp PCR. The second-round primers (inner primers) were the same as used for the pre-amp PCR (Table 2 ) and the first-round primers (outer primers) were
Fig. 2. Comparison of routine PCR results by using pure templates (A, B, C) and mixed samples (D, E, F).
A and D show the comparison results of the vp28 gene; B and E: vp39 gene; C and F: vp108 gene. M: DNA ladder. N: negative control. The copy number of each target is indicated on top of each gel lane. designed to cover the second-round PCR targets (Table S2) . As shown in Fig. 4 , the LOD of nested-PCR for vp28 and vp108 was ~100 copies, and was ~10 copies for the vp39 gene. The nested-PCR improved the detection sensitivity by ~10-100 folds over routine PCR. Compared with the pre-amp PCR, the detection sensitivity for the vp28 and vp108 genes was ~10-fold lower by nested-PCR, but the sensitivity for vp39 was similar (~10 copies for both methods).
Evaluation of Pre-Amp PCR Efficiency by qPCR
The qPCR was employed to determine the copy number of the vp28 gene in the pre-amp PCR products as well as in the first round of nested-PCR products. Amplification curves with a similar mean threshold cycle (Ct) value were observed by both pre-amp PCR and nested-PCR (Fig. S1 and Table S3 ), indicating that comparable detection results were obtained by both methods. The mean Ct values of pre-amp PCR were smaller than of nested-PCR, as the The Ct values are presented as the mean ± standard deviation (SD). number of targets was below 100 copies, suggesting the sensitivity of pre-amp PCR was slightly higher than that of nested-PCR (Fig. 5) .
Highly Efficient Detection of Multiple WSSV Genes by Multiplex Pre-Amp PCR
Multiplex-specific PCR was performed to detect the three target WSSV genes from the multiplex pre-amp PCR products. The amplicons showed similar band intensity, which indicated that balanced amplification of the target genes (vp28, vp39, and vp108) were obtained, and the LOD for the three targets was ~10 copies, respectively (Fig. 6A) . By contrast, multiplex nested-PCR results showed that the LOD was ~100 copies for the vp28 and vp39 gene, but was 1,000 copies for the vp108 gene (Fig. 6B) . Moreover, biased amplification among the three targets was observed by multiplex nested-PCR, and the vp108 gene was the least amplified. The multiplex pre-amp PCR exhibited ~10-fold higher sensitivity and more balanced amplification than multiplex nested-PCR.
The balanced amplification of the three WSSV genes by pre-amp PCR was also validated by qPCR. The multiplex pre-amp PCR was repeated three times and the copy number of each target WSSV gene in the multiplex pre-amp PCR product was determined, and the standard deviation (SD) of each Ct data was calculated, respectively. As shown in Table 3 , the copy number of each target gene in the multiplex pre-amp PCR products (presented as the mean ± SD) was in a relatively high level of equilibrium, indicating the balanced amplification among targets by pre-amp PCR. By contrast, the quantity of targets in the multiplex nested-PCR products was less than that of pre-amp PCR. The deviation of target quantity in the multiplex nested-PCR product was much greater than that of pre-amp PCR (the vp108 target was less amplified than vp28 and vp39), indicating biased amplification among the targets of multiplex nested-PCR. The mean SD of the Ct value of nested-PCR was larger than that of pre-amp PCR, also suggesting the better reproducibility of pre-amp PCR than nested-PCR when multiple targets were amplified simultaneously.
Discussion
Considering that shrimp WSSV infection is incurable and WSSV has many types of hosts, early diagnosis of WSSV is the most effective way to avoid or reduce economic losses in the shrimp farming industry [6, 7] . However, only a low abundance of WSSV DNA can be obtained from the early stage WSSV-infected shrimp, which increases the difficulty of DNA detection [20, 21] .
In this study, we used a LM-PCR-based pre-amplification method to greatly enrich trace amounts of target WSSV DNA from large amounts of backgrounds, and multiple targets could be balanced amplified. Combined with normal specific PCR, target WSSV genes were detected with extremely high sensitivity (~10 copies from ~10 1 0 magnitude of excessive background DNA), which is comparable to or even higher than most sensitive methods reported (qPCR, 12 copies; LAMP-AuNPs assay, 2 × 10 2 copies; insulated isothermal PCR, 17 copies) [14, [22] [23] [24] . LM-PCR is a promising whole-genome amplification (WGA) technique prominent for its high sensitivity, and is a nonspecific amplification method in that all of the sample DNAs are amplified simultaneously [25] . By using type IIS REase, sample DNA is digested into numerous fragments with each unique sticky ends, and thus the target fragment can be ligated to the designed adapters and amplified by the universal primer sequentially.
Usually, DNA amplification is affected by large amounts of background DNA and several purification strategies were developed by researchers [26] [27] [28] . However, these methods were not suitable for the sample in which trace target DNA was mixed with massive backgrounds. In this study, the detection sensitivity of PCR was lowered more than 10-fold by using a mixed sample compared with a pure template (Fig. 2) . By using pre-amp PCR, WSSV genes were detected from massive backgrounds with high sensitivity (~10 copies), and the sensitivity was improved by ~100-fold compared with routine PCR. When 10 copies of target plasmid were presented in 0.5 µg of background DNA, the mass ratio of target DNA to backgrounds was 10
magnitude, indicating the extremely high efficiency of pre-amp PCR.
Selection of proper type IIS REase was crucial for preamp PCR because all of the following steps were designed according to its specific features. The type IIS REase recognizes nonpalindromic DNA sequences at one site and cuts it in another site (1-20 bp away from the recognition site), so the sticky ends of the created restriction fragments were composed of random bases [19] . There are more than 35 kinds of commercial type IIS REase, and the guidelines for selecting proper REase are (i) The target sequence should be cut twice to create two sticky ends (if single-type IIS REase cannot cut target fragments with two sticky ends, double digestion can be performed by using two kinds of type IIS REase); (ii) The selected REase should have proper cleavage frequency and the created sticky ends should be in proper length (e.g., BbvI was used in this study); (iii) The target restriction fragment should be in proper length owing to the amplification capability of polymerase; and (iv) The methylation sensitivity of REase should be considered.
Nested-PCR was commonly used to detect WSSV and satisfactory results were obtained [29, 30] . However, compared with other works, our results showed that only one out of the three targets (vp39) was detected with ~10 copies (Fig. 3) . The reason for this result was probably due to the usage of mixed samples, which contained large amounts of background DNA, rather than pure samples (the LODs were 10 copies for all of the three targets when pure samples were used; Fig. S3 ). In contrast, all of the three WSSV genes were detected by pre-amp PCR with high sensitivity (~10 copies; Fig. 4 ), indicating that the efficiency of pre-amp PCR was comparable to or even higher than nested-PCR.
There are many WSSV isolates with various genotypes, which challenge the accurate detection of unknown WSSV isolates, and single nucleotide polymorphisms even occur in identified isolates [31] . Multiplex PCR can effectively minimize the risk of detection failure caused by such genetic variations, however, extensive optimization work needs to be done, even though the competition among several pairs of primers can hardly be avoided [32] . In this study, although all of the nested-PCR primers were designed with consistent melting temperature (T m ) and optimization of PCR conditions was performed, biased amplification was still detected by multiplex nested-PCR ( Fig. 6B and Table 3 ). In contrast, the multiplex pre-amp PCR showed expected balanced amplification (even when 10 copies of targets were used) and ~10-fold higher sensitivity than multiplex nested-PCR (Table 3 ). The balanced amplification of multiplex pre-amp PCR is largely dependent on the usage of the universal primer, because all of the targets have completely the same primer annealing chance. In addition, more targets can be balanced amplified by pre-amp PCR, since LM-PCR is a WGA technique in which thousands of targets can be amplified in one reaction, indicating the pre-amp PCR has potential to be applied to high-throughput detection fields.
In conclusion, we have used a pre-amp PCR method to effectively detect trace amounts of WSSV genes from large amounts of background genomic DNA with extremely high sensitivity, which is suitable for the super early diagnosis of WSSV. In particular, multiple targets can be balanced amplified by pre-amp PCR, and it also has potential to be applied in various other gene detection fields.
